M ultiple diallel crosses have been used to evaluate agronomic characteristics such as yield, maturity, and plant and ear height of various germplasm sources. Germplasm lines from Iran (Zare et al., 2011) , China (Glover et al., 2005) , Africa (Ojo et al., 2007) , semiexotic origin (Eberhart, 1971) , subtropical origin (Beck et al., 1991; Vasal et al., 1993a) , and lowland tropical origin (Vasal et al., 1993b) have all been evaluated via diallel crosses to determine combining ability for yield and heterotic patterns.
Breeding maize (Zea mays L.) for resistance to Aspergillus flavus infection and subsequent grain aflatoxin accumulation is considered an effective strategy to reduce losses to growers and consumers (Williams, 2006) . However, many of the lines that are resistant to aflatoxin accumulation also have low yield or other undesirable agronomic characteristics that limit their usefulness in breeding programs, especially with respect to geographic distribution.
Diallel Analysis of Diverse Maize Germplasm
Lines for Agronomic Characteristics W. Brien Henry,* Michael H. Blanco, Dennis E. Rowe, Gary L. Windham, Seth C. Murray, and W. Paul Williams aBSTRaCT Diverse, novel maize (Zea mays L.) germplasm from the Genetic Enhancement of Maize (GEM) project and aflatoxin-resistant and aflatoxinsusceptible maize lines were used as parents to produce a diallel cross. This manuscript documents the agronomic performance of the progeny of the diallel cross. Nine GEM germplasm lines and six known resistant and susceptible lines were selected as parents of a diallel cross that was evaluated over 2 yr at Mississippi State, MS, and 1 yr at College Station, TX. Mp317, Mp494, NEI9008, and GEMN-0130 had positive and significant GCA effects for yield in at least two of the three environments. This is especially useful because prior research suggested that both Mp494 and GEMN-0130 also reduce aflatoxin accumulation. of the GEM lines evaluated, NEI9008 was the best source for enhanced yield with significant and positive GCA values across all three environments. Mp313E ´ GEMN-0157 yielded well across all environments with an additional benefit of relatively low aflatoxin accumulation in the Mississippi environments. Because the GEM lines evaluated in this diallel cross have a distinctly different genetic background than the aflatoxin-resistant Mississippi inbreds, NEI9008 and GEMN-0130 (improved yield), GEMS-0002 and GEMS-0074 (earlier maturity by 3 to 4 d), CUBA117, GEMS-0030, GEMN-0071, GEMS-0100 (reduced plant height 0.1 to 0.2 m), GEMN-0157, NEI9008, GEMS-0002, and GEMS-0074 (reduced height by 0.3 to 0.4 m) should be useful sources of alleles for pyramiding improved yield, earlier maturity, and shorter plant heights into improved breeding lines.
Since the early 1970s, breeding efforts to lower grain aflatoxin accumulation have resulted in the release of six Mississippi lines Mp313E, Mp420, Mp715, Mp717, Mp718, and Mp719 that are resistant to aflatoxin accumulation Zummo, 1990, 1992; Williams and Windham, 2001 , 2006 . Additional aflatoxin-resistant lines have recently been released throughout the southern United States (Guo et al., 2011; Mayfield et al., 2012) . For instance, the inbred line Mp494 has been included as a resistant check in multiple diallel crosses (Williams et al., 2008; Henry et al., 2013) and mycotoxin evaluations (Henry et al., 2009) ; however, because of its susceptibility to A. flavus ear rot, it has never been released. Mp313E is one of the most resistant germplasm sources available to breeders, but it is late maturing, making it difficult to work with in most environments and challenging to incorporate into a breeding program north of the mid-south region. Mp715 is also highly resistant to aflatoxin accumulation, but it is also extremely late, tall, and it frequently suffers from stalk and root lodging. The diallel cross provides estimates of general combining ability (GCA) and specific combining ability (SCA) for a specific set of lines (Griffing, 1956) . Diallel analysis has been used effectively to evaluate the combining ability and performance of various maize lines with respect to many traits. In addition to the agronomic traits mentioned previously, additional traits evaluated in a diallel cross include fumonisin accumulation ), Diplodia ear rot (Dorrance et al., 1998) , aflatoxin accumulation with respect to grain color (Betrán et al., 2002) , reciprocal effects on the inheritance of aflatoxin accumulation, aflatoxin evaluation of potential breeding lines (Zuber et al., 1978; Gardner et al., 2007) , and aflatoxin accumulation and ear rot of Germplasm Enhancement of Maize (GEM) Project breeding material (Henry et al., 2013) . Henry et al. (2013) evaluated aflatoxin in nine diverse GEM lines in a diallel cross with lines of known resistance and susceptibility to aflatoxin accumulation. Because the same material was used in this study of agronomic traits, specific details of the aflatoxin study will be addressed later in this paper.
The GEM Project is a source of tropical and exotic alleles improved for temperate production. It is a collaborative effort of USDA-ARS, universities, private industry, international, and nongovernmental organizations to broaden the germplasm base of maize (Pollak, 2003; Trevisan and Blanco, 2008) . Specifically, the GEM Project's goal is the development of adapted germplasm for the U.S. Corn Belt using tropical and temperate exotic germplasm. Li et al. (2002) reported that substantial variability in mycotoxin accumulation existed among maize breeding crosses from the GEM Project, and suggested that the most resistant breeding crosses be used to develop new inbred lines.
Exotic, tropical maize germplasm may provide novel alleles for resistance to A. flavus infection or grain aflatoxin accumulation not found in midwestern U.S. dent materials (Nelson and Goodman, 2008) . In addition to improving tolerance to specific fungi and mycotoxin accumulation, this germplasm may serve as a source of new alleles to increase yield and stabilize production (Beck et al., 1991) . A disadvantage of breeding with tropical germplasm is that little information is available to make parental choices, and, often, the overall success of a given project is largely determined by the choice of germplasm many years earlier (Goodman, 1992) . The GEM Project provides phenotypic descriptions of their released lines, but limited information is available (Balint-Kurti et al., 2006) with respect to aflatoxin accumulation or agronomic performance in southern U.S. growing conditions. Because several of the latest germplasm releases and trials investigating germplasm with low aflatoxin accumulation have focused on improved agronomic characteristics, specifically earlier maturity (Guo et al., 2011; Henry et al., 2012; Williams and Windham, 2012) , and because yield drag is still a problem in most low-aflatoxin lines, agronomic characteristics were investigated in this study.
The objective of this study was to evaluate agronomic characteristics of grain yield, maturity, and plant height of crosses among 15 diverse maize germplasm lines with varying genetic backgrounds and levels of resistance to grain aflatoxin accumulation.
MaTERIaLS aNd METHodS
To initially select the lines in the diallel, 55 inbred lines and approximately 200 crosses consisting of breeding crosses or topcrosses, some of which included these 55 inbred lines, were provided by the GEM Project in 2007. These lines were evaluated in replicated field trials for maturity, ear rot, and aflatoxin accumulation at Mississippi State, MS, in 2008. Based on agronomic data from the nursery, as well as the maturity and mycotoxin data from replicated field evaluation of both the crosses and inbreds, nine of the 55 lines were selected as parents in the diallel cross. These selections can be further examined in Henry et al. (2013, Supplemental Table 1 ). The exotic portion of the germplasm in these parents included germplasm from seven different countries (Table 1) . Five countries are considered tropical and two (Chile and United States) are temperate. The lines were selected based on previous knowledge of performance (Pratt et al., 2005) , leaf-blight resistance in the southern United States (Raleigh, NC), and evaluation for other ear rot fungi such as Fusarium spp. in Woodland, CA. Breeding lines were developed by crossing the exotic source to proprietary lines from private U.S. GEM cooperators. Lines classified as 50% exotic were derived from F 1 generation hybrids of an exotic source crossed to one adapted proprietary line before selfing. Lines classified as 25% exotic were F 1 hybrids then crossed to a second adapted line before selfing. Lines were derived from self-pollination in accordance with GEM protocol using the pedigree breeding method. Phenotypic evaluations and protocols for breeding and writing pedigrees can be found on the GEM Project website: www.public.iastate.edu/~usda-gem (accessed 20 Aug. 2013).
Hybrids at CS 2011 were assigned to 4.6-m-long plots with rows spaced 1.2 m apart in a randomized complete block design with three replicates. Fertilizer and herbicides were applied in accordance with standard local production practices and to the best of our knowledge weed control or fertility were not limiting factors for crop growth. The 2011 CS drought was intense; therefore, supplemental furrow irrigation was applied five times throughout the season.
agronomic data
Plant height of mature plants was recorded in meters for five plants per row and was measured from the ground to the top of the tassels. Ear height was recorded similarly from the ground to the point at which the ear attached to the stalk. Maturity data were collected by monitoring emergence of silks and recording the date at which half the silks on a given row were emerged (midsilk). All ears, both primary and secondary, were harvested approximately 135 to 140 d after planting and placed in a forced air drier at 38°C for 5 to 7 d at MSU or in a greenhouse and sheltered from the sun at CS. Following drying, the primary inoculated ears (10 at MSU and five at CS) from each plot were bulked together, rated for ear rot, and shelled. The remaining ears from each plot were also shelled, weighed, and data recorded. The primary goal of drying the ear samples was to inhibit A. flavus fungal growth. This resulted in uniform kernel moisture of approximately 10 to 11% across treatments. All grain samples were weighed and estimated in kg ha −1 .
Statistical analyses
The SAS procedure PROC UNIVARIATE was used to verify that the distribution of yield, maturity, and plant height were not skewed and also approximated a normal distribution (SAS Institute, 2008) . This half-diallel without parents was analyzed based on Griffing's (1956) Model 1, Method 4 to estimate GCA and SCA and their variances. A protracted individual analysis was executed using procedures and approaches suggested by the results of Singh et al. (2012) , Shang et al. (2006) , and Zhang and Kang (1997) . Accuracy of this process was verified in advance with analysis on two different 10-parent diallels with known results. Where appropriate, GCA estimates were calculated differently for those few parents that had a missing cross and these changes impacted SCA estimates thus derived. When a cross was missing, the GCA and SCA estimates of deviations were calculated for data subsets that were complete.
The exotic portion of the germplasm is more likely to contain mycotoxin resistance, while the adapted proprietary material is likely to provide improved agronomic characteristics.
Seed for the hybrids was produced with a diallel mating design without reciprocal crosses at in 2009 at Mississippi State University (MSU) from paired row crosses among 15 selected maize lines. Six of these inbreds were southern-adapted lines evaluated previously for aflatoxin accumulation both as inbreds and in various singlecross hybrid combinations. Four of the lines, Mp717, Mp313E, Mp317, and Mp494, previously exhibited resistance to aflatoxin accumulation while the other two, SC212M and GA209, exhibited susceptibility (Gardner et al., 2007; Henry et al., 2009) . Across most environments, these inbred lines are generally tall and late with respect to maturity. The remaining nine parents in the diallel experiment were selections from the GEM Project.
Seed for 102 of 105 possible crosses were successfully produced in 2009. Seed of the three missing crosses were produced in 2010, and these entries were included in the 2011 MSU and College Station (CS), TX, tests. This set of 105 F 1 hybrids in the diallel cross was evaluated without reciprocals or inbred parents.
A diallel cross to evaluate agronomic characteristics of maize hybrids was planted at the Foil Plant Science Research Center at MSU on 14 Apr. 2010 (MS 2010) on a Marietta fine sandy loam (fine-loamy, siliceous, thermic Fluvaquentic Eutrochrept) and on 10 May 2011 on a 66% Marietta fine sandy loam and 33% Leeper silty clay loam (fine, smectitic, nonacid, thermic, Vertic Epiaquepts), and at CS (CS 2011) on 17 March 2011 on a Ships clay loam (Very-fine, mixed, active, thermic Chromic Hapluderts; Vertisols).
Plot Size and Management
Hybrids at MSU were planted in 5.1-m-long single-row plots with rows spaced 0.97 m apart, and plots were thinned to 20 plants per plot randomized complete block with four replicates. Fertilizer and herbicides were applied in accordance with standard local production practices, and at no time throughout the season was weed control or fertility limiting to crop growth. In both years, the MSU location experienced periodic drought conditions and supplemental furrow irrigation was applied once in 2010 and twice in 2011, enough to ensure that there would be grain to harvest but not enough to optimize yield or fully alleviate drought stress conditions. 
RESuLTS aNd dISCuSSIoN
The significance of GCA, SCA, and environmental effects were calculated and the interactions with environment were highly significant for all traits (data not shown). Because of the significant interactions, a genetic analysis was executed separately for each of the three site years ( Table 2) . The GCA and SCA were highly significant sources of variation for yield, maturity, and plant height with the only exception being the CS 2011 location at which SCA for plant height was not significant. Significance of GCA and SCA for agronomic traits of interest like grain yield, maturity, or aflatoxin accumulation is common (Naidoo et al., 2002; Williams et al., 2008) .
Yield
GCA effects for grain yield were significant and positive in at least two of the three environments for four entries: Mp317, Mp494, NEI9008, and GEMN-0130 (Table  3) . Positive GCA effects represent parental entries that increased grain yield across all crosses on average. Conversely, GCA effects for grain yield were significant and negative in at least two of the three environments for three entries: Cuba117, GEMS-0074, and GEMN-0071 (Table  3 ). Mp317 performed well in the MSU environments in 2010 (MS 2010) and 2011 (MS 2011) environments but did not perform well at CS 2011. Mp317 exhibits inconsistent grain production both in self-pollinations and cross-pollinations. Henry et al. (2009) noted superior performance of Mp317 in reducing aflatoxin accumulation, but because Mp317 matures late, it is often exposed to supraoptimal temperatures during pollination. High temperatures appear to negatively influence pollen viability, especially in late flowering inbreds such as Mp317, resulting in inconsistent grain production. Mp494 significantly improved grain yield at MS 2010 by 371 kg ha −1 and performed especially well at CS 2011 improving grain yield by 684 kg ha −1 (Table 3) . This is promising because Mp494 was one of the best lines for reducing aflatoxin accumulation regardless of environment (Henry et al., 2013) . Also, Mp494 combined equally well with both stiff stalk (GEMS-0030) and nonstiff stalk (GEMN-0130) material in this study. NEI9008 significantly increased grain yield across all three environments, having significantly positive GCA effects of 586 (P < 0.01), 503 (P < 0.01), and 470 (P < 0.05) in MS 2010, MS 2011, and CS 2011, respectively. GEMN-0130 significantly improved grain yield in MS 2011 by 492 kg ha −1 and at CS 2011 by 552 kg ha −1 (Table 3 ). In our previous study, GEMN-0130 was the most promising of all the GEM material evaluated for aflatoxin resistance, with negative and significant GCA effects across all environments (Henry et al., 2013) . Therefore GEMN-0130 may be an important source of germplasm for breeders to lower grain aflatoxin accumulation and to improve grain yield.
The average hybrid grain yield was 5847, 4268, and 8118 kg ha −1 at MSU 2010, MSU 2011, and CS 2011, respectively (Table 4 ). The highest yielding entry within a given environment was Mp494 ´ GEMN-0130, 11,217 kg ha −1 at CS 2011. The lowest yielding entry within a given environment was with Mp717 ´ GEMN-0071, 1857 kg ha −1 at MSU 2011. The range of these yields was similar to several diallel crosses that evaluated agronomic characteristics of other exotic germplasm (Glover et al., 2005; Beck et al., 1991; Vasal et al., 1993a; Vasal et al., 1993b) .
The SCA effects for yield at CS 2011 were significant and positive for GEMS-0030 ´ Mp494, and Mp494 ´ GEMN-0130 (Table 4 ). Mp494 worked especially well for grain yield at CS 2011 with these two GEM lines, both of which have Brazilian germplasm in their pedigree. It was not unexpected to see Mp494 and GEMN-0130 combine well together because their individual GCA effects suggested the potential for enhanced combining ability for grain yield (Table 3) . Either of these lines may be useful as parents in crosses to boost grain yield, especially at CS or perhaps in additional Texas environments. Both GEMN-0130 and GEMS-0030 were derived from 50% tropical germplasm that included DKXL370 and DKXL380, respectively. DKXL370 and DKXL380 are Brazilian tropical hybrids that were crossed to temperate U.S. lines (50% exotic) and further developed and released by the GEM Project. GEMN-0130 was also reported to have resistance to multiple ear colonizing insects in Tifton, GA, which is often associated with reduced aflatoxin accumulation (Ni et al., 2012). ** Significant at P < 0.01. † entries 3 cUBA117:S15-101-001-B-B-B, and 10 nei9008:S17c21-091-001-B-B were experimental GeM lines to which a code had not been assigned and are abbreviated as cUBA117 and nei9008, respectively. Mp313E ´ GEMN-0157 was the most promising hybrid across all environments and ranked second, first, and fifth for yield at MS 2010 , MS 2011 , and CS 2011 (Table 4) . Across all environments, yield for the cross Mp313E ´ GEMN-0157 had a significantly positive SCA effect of at least 1500 kg ha −1 (Table 4 ). In addition to significant and positive SCA effects for yield, Mp313 ´ GEMN-0157 also had reduced aflatoxin accumulation at 43, 118, and 506 ng g −1 , in MS 2010 , MS 2011 , and CS 2011 , respectively (Henry et al., 2013 . The MS 2010 , MS 2011 , and CS 2011 test means for aflatoxin accumulation were 149, 143, and 511 ng g −1 , respectively (Henry et al., 2013) . Although there were other hybrids having reduced aflatoxin accumulation across all site years, Mp313 ´ GEMN-0157 was the most promising for agronomic suitability (such as yield and earlier flowering) in addition to lower aflatoxin especially in a Mississippi environment.
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Maturity
The GCA effects for maturity were consistent and significant for 13 of the 15 lines evaluated in this study. Eight of the nine GEM lines contributed to earliness in at least two of the three environments (Table 3) . GEMN-0130 appears to trend towards earliness as well, but GCA was significant in only one environment, MS 2011 (Table 5) . GEMS-0002 and GEMS-0074 were the two earliest lines both moving maturity forward 3 to 4 d in hybrids that were parents (Table 3) . Conversely, the known resistant and susceptible lines, with the exception of GA209, all contributed to significantly later maturities in at least two of the three environments (Table 3 ). The GCA effects for Mp313E were highly significant and positive, averaging between 5 to 6 d later maturity across the three environments (Table 3) .
Hybrid maturity for the three environments averaged 69, 63, and 74 d to midsilk for MSU 2010 , MSU 2011 , and CS 2011 (Table 4 ). The SCA effects for maturity varied but were positive and significant in two of three environments for seven hybrids (Table 4) . Among the seven late maturing hybrids, only three included a GEM line as a parent. Nine hybrids had negative and significant SCA effects for maturity at two of the three environments. Of these nine hybrids, all of them contained at least one GEM line in the pedigree (Table 5 ). The SCA effects for Mp717 ´ GEMN-0071 were significant and positive and were approximately 5 d at the three environments (Table 5 ). The SCA effects for Mp494 ´ GEMS-0002 were negative and significant and ranged between 2 to 4 d, depending on environment (Table 5 ). These two pedigrees represent the extremes of maturity with respect to SCA effects. Of particular interest is the cross Mp494 ´ GEMS-0002, identified by Henry et al. (2013) , which reduced aflatoxin accumulation and reduced ear rot. Introgression of aflatoxin resistance from Mp494 into an earlier, and less-ear-rotprone background, would be a highly desirable breeding objective. The GCA effect for Mp494 was significant and positive by 4 to 5 d, which was the second latest maturing inbred in the study, surpassed only by Mp313E (Table   3 ). The cross Mp494 ´ GEMS-0002 is a good starting point for earliness and other desirable traits like reduced ear rot (Henry et al., 2013) . Of the aflatoxin-resistant lines Table 5 . Mean number of days to midsilk (DTM) and significant specific combining ability (SCA) effects for maturity at Mississippi State, MS, (MS 2010 and MS 2011 ), and College Station, TX, (CS 2011 included in this study, Mp494 appears to be malleable with respect to maturity because it appeared as a parent in five of the nine crosses with positive SCA effects in at least two of three environments and also as a parent in two of the seven crosses with negative SCA effects in at least two of three environments (Table 5) . 
Plant Height
Plant height ranged between 1.8 to 3.1 m with averages of 2.8, 2.3, and 2.3 m for MS 2010 , MS 2011 , and CS 2011 (Table 6 ). Two lines, GA209 and GEMN-0130, exhibited significantly negative GCA on height in a single environment (Table 3 ). The GCA effects for plant height were more stable over environments than yield. Three lines with positive GCA effects, Mp313E, Mp317, and Mp494, significantly increased height by approximately 0.5 m (Table 3) . This was expected because most of the resistant lines included in this study were quite tall and of tropical lineage. Identifying lines with negative GCA for plant height would be beneficial for a breeding objective of reducing the height of aflatoxin resistant inbreds. Shorter plants would be structurally less likely to lodge, which remains a problem among presently available aflatoxin resistant inbreds. Conversely, Barrero Farfan et al. (2013) observed a mild, positive relationship between yield and plant height in a Texas environment, so the breeding objective will determine the need for taller or shorter plants. Two lines with positive GCA effects, Mp717 and SC212M, significantly increased height by 0.2 to 0.3 m (Table 3) . Four lines with negative GCA effects, CUBA117, GEMS-0030, GEMN-0071 and GEMS-0100, significantly reduced height by 0.1 to 0.2 m ( Table 3 ). The remaining four GEM lines, GEMN-0157, NEI9008, GEMS-0002, and GEMS-0074 significantly reduced height by 0.3 to 0.4 m ( Table 3) . SCA effects were mostly nonsignificant with GEM ´ GEM lines resulting in short hybrids and crosses between the known resistant and susceptible lines resulting in tall hybrids. Mp494 ´ GEMN-0130 was an especially high-yielding entry at the CS 2011 environment and this hybrid also had significant and negative SCA effects for plant height at two of the three environments (Table 6) . Ear height followed similar trends as plant height with GEM lines, on average, producing short plants with low ear placement and the remaining lines producing taller plants with higher ear placement (Data shown for plant height only in Table 6 ).
CoNCLuSIoNS
In conclusion, Mp317, Mp494, NEI9008, and GEMN-0130 had positive and significant GCA effects for yield in at least two of the three environments. This is especially interesting from the breeding perspective because prior research determined that both Mp494 and GEMN-0130 also reduce aflatoxin accumulation (Henry et al., 2013) . Of the GEM lines evaluated, NEI9008 was the best source for enhanced yield with significant and positive GCA effects across all three environments. Mp313E ´ GEMN-0157 yielded well across all environments with relatively low aflatoxin accumulation in the Mississippi environments. The GEM lines have distinctly different genetic backgrounds than the aflatoxin-resistant Mississippi inbreds and may have different alleles for reduced aflatoxin. This is an important consideration for broadening the germplasm base and pyramiding genes for reduced aflatoxin, improved yield, earlier maturity, and shorter plant height. Further research is warranted to genetically characterize allelic diversity and kinship for reduced aflatoxin among different germplasm sources as suggested by Warburton et al. (2009; . acknowledgments
